The properties of multilayered materials are often dependent upon their interfacial structure. For low temperature deposition processes where the structure is kinetically controlled, the interfacial roughness and the extent of interlayer mixing are primarily controlled by the adatom energy used in the deposition. Inert gas ion assistance during the growth process also enables manipulation of the interfacial roughness and intermixing. To explore inert gas ion assistance, a molecular dynamics approach has been used to investigate the role of ion energy and ion species upon the flattening of various surfaces formed during the growth of the Ni/Cu/Ni multilayers. The results indicated that ion energies in the 1-4 eV range could flatten the ''rough'' copper islands on either copper or nickel crystals. To flatten the rough nickel islands on copper or nickel crystals, higher ion energies in the 9-15 eV range would have to be used. Significant mixing between nickel island atoms and the underlying copper crystal atoms started to occur as the ion energy was increased to around 6-9 eV. However, little mixing was observed between the copper island atoms and the underlying nickel crystal atoms in the same ion energy range. At a given ion energy, the heavier ͑xenon͒ ions were found to produce more surface flattening and mixing than the lighter ͑argon͒ ions.
I. INTRODUCTION
The switching of magnetic alignment between magnetic ͑e.g., Ni 80 Fe 20 or Co͒ layers separated by conductive ͑e.g., Cu alloy͒ layers can result in giant magnetoresistance ͑GMR͒ for multilayers. 1, 2 The large drop of electrical resistance of GMR materials under external magnetic field [3] [4] [5] has promised an exponential increase of computing power. For example, the read heads for magnetic hard drives based on GMR materials can increase the hard drive space from 1 Gbit to 20 Gbit. [6] [7] [8] The GMR random access memories ͑RAM͒ are nonvolatile and have a superior combination of access speed and memory density. 6, 7 Because the performance of GMR devices is sensitive to GMR properties, there have been intensive efforts over the past years [9] [10] [11] to seek efficient synthesis processes that could yield a high GMR ratio ͑de-fined as the maximum resistance change divided by the resistance at magnetic saturation͒, a low saturation magnetic field, and a high thermal stability. Two physical vapor deposition techniques, magnetron sputtering, and ion beam sputtering, have emerged to be viable commercial methods for depositing the best GMR multilayers currently. 10, 11 For high performance GMR multilayers, the thickness of each layer must be small, typically around 20 Å for the conductive layer 3 and 60 Å for the magnetic layer. 12 Under these constraints, the GMR properties are sensitively determined by the roughness of interfaces and the chemical mixing between layers. 13, 14 While the effects of interfacial roughness are complicated, good GMR properties are obtained only when the interlayer mixing is small. 15 Because GMR multilayers are usually deposited at low temperatures to minimize the interlayer thermal diffusion, 16 interests have grown in using incident adatom energy to control the interfacial roughness and interlayer mixing of GMR multilayers. [17] [18] [19] [20] Recent work [21] [22] [23] indicates that surface roughness and interlayer mixing are affected by the adatom energy, its incident angle, the depositing species, and the species on which the deposition occurs. Complexity arises because the process conditions affecting the incident energy generally also affect the incident angle, and many scenarios need to be explored for the deposition of even simplest binary A/B/A multilayers ͑e.g., deposition of A on A, deposition of A on B, deposition of B on B, and deposition of B on A͒. Atomistic simulations have been helpful at unraveling the effects of individual process condition upon the morphology and microstructure of multilayers. Molecular dynamics simulations of a model Ni/Cu/Ni multilayer deposition 21 indicated that increasing the incident energies lowered the interfacial roughness, but promoted intermixing by an exchange mechanism. The results are in good agreement of the experimental observations. 17 Simulations 22 further indicated that the shadowing associated with high incident angle resulted in an increase in both interfacial roughness and intermixing. Substrate rotation reduced the shadowing and hence improved interfacial roughness under low energy and oblique angle deposition conditions. A modulated energy deposition strategy that is likely to improve GMR multilayer deposition has been discovered by simulation. 21, 22 It showed that multilayers with flat interfaces and almost no intermixing could be grown over a wide range of incident angle when low ͑ϳ0.1 eV͒ incident energies were used to deposit the first few a͒ Author to whom correspondence should be addressed; electronic mail: xz8n@virginia.edu monolayers of a new material layer and higher energies ͑e.g., 5 eV͒ for the remainder of the layer.
The important role of incident energy may in part explain why magnetron sputtering and ion beam sputtering deposition processes which allow the control of the incident atom energy over a wider range can produce better GMR multilayers than the thermal energy molecular beam epitaxy ͑MBE͒ 9-11 deposition method. Because modulated energy deposition can be most easily implemented in an ion beam deposition system, efforts to further improve the GMR performance of metal multilayers have led to an interest in redesigning the ion beam deposition process. Major efforts have been focused on improving the deposition uniformity across the wafer area, 24 and controlling the interfacial roughness and interlayer mixing during deposition. 24 Ion assisted deposition can be fairly easily implemented with an ion beam deposition system. 23 A molecular dynamics method has been used to study the impact effects of assisting xenon ions with the growth surface during a model Ni/Cu/Ni multilayer deposition. 23 The results indicated that ion energies of 2-3 eV and ion/metal flux ratios of 2-3 significantly reduce the roughness of interfaces. However, the use of ion energies above 2 eV also resulted in serious copper-nickel intermixing at the nickel on copper interface. Interface flattening without intermixing could be achieved using a modulated ion assistance strategy in which the first half of each new material layer was deposited without ion assistance while the remainder of the layer was deposited with ion assistance. The combination of interfacial roughness and intermixing of films grown with modulated ion assistance was found to continuously improve as the ion energy was further increased. These simulations indicated that low energy ion assisted ion beam deposition methods promise significant improvement in the metal ͑and other materials͒ multilayers.
A direct molecular dynamics simulation of vapor deposition requires the deposition rate to be accelerated because of the time scale constraint. [21] [22] [23] This causes an overheating of a growth surface and an overestimation of the impact effects. While simulations of these types help reveal the trend of process conditions, more accurate data are needed for a quantitative design of modulated ion assistance. Here, molecular dynamics was used to study the effects of ion energy and ion species by simulating inert ion impacts with a surface of a given morphology. This is a realistic approach since the ion assisted evolution of a growth surface is accumulated from individual ion impacts, and short interaction time ͑1-2 ps͒ between a low energy impacting ion and a surface is well within the time scale tractable with molecular dynamics calculations. Provided that the time interval between ion impacts is sufficient to dissipate the energy, no overheating will occur, and the impact effects can be accurately examined by solving trajectories of atoms ͑and ions͒ from Newton's equations of motion based upon validated interatomic potentials. To facilitate comparisons with previous work, [21] [22] [23] we again analyzed the growth of a Ni/Cu/Ni multilayer in the ͓111͔ direction.
II. COMPUTATION METHOD

A. Interatomic potentials
The interatomic potentials used for calculating forces between atoms or ions have been described in detail. [21] [22] [23] The standard embedded atom method ͑EAM͒ potential for binary Cu-Ni alloys 25 developed by Foiles was employed to define the interactions between Cu and Cu, Ni and Ni, and Cu and Ni atoms. The embedded atom method accounts for the local environment dependence of the potential and therefore can realistically describe the energetics near the defective crystal regions, such as free surfaces and interfaces. 26 The Foiles' EAM functions were well fitted to the measured properties of bulk crystals, including the equilibrium lattice constants, sublimation energies, bulk moduli, elastic constants, vacancy formation energies, and heats of solutions of dilute alloys.
A pairwise universal potential 27 was used to describe the interactions between inert gas ions and metal atoms. The pairwise universal potential was fitted to a vast amount of experimental data for the low energy ion bombardment with a solid surface, 27 and can well represent the interaction forces between metal atoms of a solid surface and inert gas atoms or ions in the vapor phase.
B. Molecular dynamics simulation of inert ion impacts
Depending on the species of the existing ͑pre-deposited͒ surface and the species of the depositing atoms, four different situations are encountered during the growth of Ni/Cu/Ni multilayers: deposition of copper on copper, deposition of copper on nickel, deposition of nickel on nickel, and deposition of nickel on copper. Copper and nickel crystals containing 72(224 ) planes in the x direction, 8 ͑111͒ planes in the y direction, and 42(22 0) planes in the z direction were used to simulate the pre-deposited copper and nickel surfaces, and one example of such a crystal geometry is shown in Fig. 1 . To explore the effects of inert ion bombardment on the reconstruction of a ''rough'' surface, the depositing copper or nickel atoms were assumed to form arrays of hillocks on the underlying surface ͓see Fig. 1͑a͔͒ . An inert ion impact was simulated by injecting an argon or a xenon ion to the top ͑y͒ surface from random locations far above. The ion incident energy, E i , as well as its incident angle, ͑ϭ0°rep-resents normal incidence͒, were simply implemented by assigning it with a corresponding velocity vector. The evolution of surface structures following the impact was determined by solving the trajectories of atoms and the injected ion using Newton's equations of motion. After the thermal spike induced by the previous ion impact was dissipated, another ion was injected to repeat the same procedure. To minimize the effects of the small crystal size, periodic boundary conditions in the x and z directions were used. To prevent crystal shift during impact, the atoms in the two monolayers at the bottom ͑y͒ surface were fixed at their equilibrium positions during simulations. A temperature control algorithm 28 was applied to the two monolayers above the fixed region to maintain a substrate temperature. All simulations were carried out at a normal ion incident angle and a substrate temperature of 300 K.
III. SURFACE ROUGHNESS DEPENDENCE UPON ION ENERGY AND SPECIES
The effects of energy and species of the assisting inert ions upon the roughness of a growth surface were first examined. Previous studies [21] [22] [23] have established that the surface roughness sensitively depends on the mobility of depositing atoms. The local surface asperities formed during random deposition of atoms on the surface are less likely to be reconstructed into local flat monolayer configurations if these atoms are less mobile. Consequently, high surface roughness was observed during deposition of materials with high activation energies of diffusion. Here depositions of mobile copper and less mobile nickel are separately analyzed.
A. Deposition of copper
Atomic configurations
The rough copper surfaces consisting of arrays of nonplanar copper islands on the top of either copper ͓Fig. 1͑a͔͒ or nickel ͓Fig. 2͑a͔͒ crystals were assumed to have formed during copper deposition. Argon and xenon ion impacts were simulated at a low ion incident energy of 3 eV. Results of morphology evolutions for the copper on copper and the copper on nickel surfaces are shown in Figs. 1 and 2 , respectively, where gray and dark shaded balls represent copper and nickel atoms, and ͑a͒, ͑b͒ and ͑c͒ are the atomic configurations before ion impacts, after about 1500 ͑fluence 0.5 ions/Å 2 ͒ argon ion impacts, and after about 1500 xenon ion impacts. It can be seen from Fig. 1 that the copper islands on the underlying copper surface became monolayer after the xenon ion bombardments, but a few of them remained nonmonolayer after the argon bombardments. On the other hand, Fig. 2 shows that the bombardments of argon and xenon ions both caused the copper islands on the underlying nickel surface to become monolayer configurations. Clearly, the effects of inert ion impacts upon the flattening of the copper surface are significant even at a very low ion energy of 3 eV. At a given ion energy, flattening is more likely to occur when the inert ions are xenon rather than argon, and when the underlying surface is nickel rather than copper.
Functional dependence
To more clearly reveal the effects of inert ion energy upon roughness of the copper islands, the fraction of copper atoms remaining in the nonmonolayer configurations after 1500 ion bombardments was calculated for various ion energies, and the results for the copper on copper and the copper on nickel surfaces are plotted in Figs. 3͑a͒ and 3͑b͒, respectively. Figure 3 indicates that the roughness of the copper islands was dramatically reduced as the energy of the assisting inert ions was increased from zero to 4 eV. In particular, it can be seen that a layer by layer growth mode could be achieved during the deposition of copper on copper if the ion energy was above 4 eV for argon ions or above 3 eV for xenon ions. The threshold ion energies for a layer by layer growth mode were even lower when the deposition of copper occurred on nickel crystal. In such a case, an argon energy of 2 eV or a xenon energy of 1 eV appeared to be sufficient for the layer by layer growth.
B. Deposition of nickel 1. Atomic configurations
Simulations of argon and xenon ion impacts with nonplanar nickel islands on nickel and copper crystals were also carried out. Evolutions of atomic structures following 3 eV ion impacts are shown in Figs. 4 and 5, respectively, for the nickel on nickel and the nickel on copper surfaces. It can be seen from Fig. 4 that for the nickel on nickel surface, most surface asperities became monolayers after 1500 xenon ion bombardments, but many nickel islands remained nonplanar after 1500 argon ion bombardments. For the nickel on copper surface, Fig. 5 , no islands became planar after 1500 impacts of either xenon or argon ions at the ion energy of 3 eV. Obviously, the flattening of either the nickel on nickel or the nickel on copper surfaces requires higher ion incident energies.
Functional dependence
To show the surface roughness formed during nickel deposition as a function of assisting ion energy, the fraction of nickel atoms remaining in the nonmonolayer configurations after 1500 ion bombardments was calculated for various ion energies. The results for the nickel on nickel and the nickel on copper surfaces are plotted, respectively, in Figs. 6͑a͒ and 6͑b͒. It can seen that unlike the copper islands which became flat at ion energies below around 4 eV, the roughness of nickel islands continuously decreased with ion energy in a higher ion energy range. After 1500 ion impacts, a layer by layer growth mode started to occur on the nickel on nickel surface at an argon ion energy of about 9 eV and a xenon ion energy of about 8 eV. For the nickel on copper surface, the threshold argon and xenon energies for the layer by layer growth mode were both close to 15 eV.
IV. INTERLAYER MIXING DEPENDENCE UPON ION ENERGY AND SPECIES
The dependence of chemical mixing between layers upon ion energy and ion species used for assisting the multilayer deposition was also analyzed. Earlier studies [21] [22] [23] showed that the mixing in the multilayers deposited at low temperatures and high rates was predominantly accomplished by an impact induced atomic exchange. When a hyperthermal atom impacts a surface, it may penetrate the underlying lattice. This may result in an atom in the underlying lattice to be ejected onto the top of the surface while the penetrating atom fills in the original site of the ejected atom. Because the 3.54 eV cohesive energy of copper is much lower than the 4.45 eV cohesive energy of nickel, 25 atomic penetration into the copper lattice occurs more frequently than into the nickel lattice. As a result, high mixing was usually observed when depositing nickel atoms onto a copper surface rather than depositing copper atoms onto a nickel surface. [21] [22] [23] Here depositions on copper and on nickel are separately analyzed.
A. Deposition on copper
Atomic configurations
No exchange between the nickel island atoms and the underlying copper atoms is found in Fig. 5 , indicating that during deposition of nickel on copper, 3 eV argon or xenon ion impacts did not cause the chemical mixing. However, 3 eV ion energy could not flatten the nickel islands, and, according to Fig. 6 , the nickel on copper surface could be significantly flattened when the ion energy was above 9 eV. To explore the probability of mixing at an ion energy that can flatten the nickel islands, the evolution of the nickel on copper surface following 12 eV argon and xenon ion impacts was simulated, and the results are shown in Fig. 7 . Clearly, 1500 bombardments of 12 eV ions caused a significant flattening for the nickel islands on the copper surface, but extensive mixing between copper and nickel atoms also occurred, especially when the ion species was xenon.
Functional dependence
To quantify the mixing as a function of ion energy, the probabilities of atomic exchange during the 1500 ion bombardments with both the nickel on copper and the copper on copper surfaces were calculated for various ion energies. Although no ''mixing'' would occur on the copper on copper surface, the effect of the depositing species on the atomic exchange can be revealed using this surface. The results of the calculations are shown in Figs. 8͑a͒ and 8͑b͒, respectively, for argon and xenon ion impacts. It can be noted that the curves for the copper on copper surface were close to those for the nickel on copper surface, indicating that the mixing was primarily determined by the underlying crystal on which deposition occurred, and was insensitive to the species of the depositing material. For argon ion impacts, mixing was insignificant at ion energies below 9 eV, and started to rise rapidly as the ion energy was raised above 9 eV. The mixing caused by xenon ion impacts was much more significant. The mixing was low only at the xenon ion energies below 5 eV, and rose rapidly above that energy.
B. Deposition on nickel
Atomic configurations
Atomic configurations shown in Fig. 2 reveal that 3 eV ion impacts can flatten the copper islands without causing mixing of copper with underlying nickel. However, it was found difficult to use ion assistance to flatten the nickel islands without causing the mixing between nickel and underlying copper atoms. In practical multilayer deposition, a buffer layer can be deposited on copper before nickel is deposited. As long as the cohesive energy of the material used for the buffer layer is high, the subsequently deposited nickel atoms then have a low probability of penetrating the underlying crystal to cause the mixing. To mimic this scenario, nickel ͑which has a higher cohesive energy than copper͒ was assumed to be the buffer layer. Atomic exchange between the island nickel atoms and the underlying nickel atoms ͑the buffer layer͒ was simulated. Selected atomic configurations following 12 eV argon and xenon ion impacts are shown in Fig. 9 , where the gray and dark shaded balls now represent, respectively, the island nickel atoms and the nickel atoms in the buffer layer. It can be seen that the rough nickel islands were flattened, and the mixing between the island and the underlying nickel atoms was negligible, especially for the argon ion impacts.
Functional dependence
The probabilities of atomic exchange on both the copper on nickel and the nickel on nickel surfaces during 1500 ion impacts were calculated for various ion energies. The results of the calculations are shown in Figs. 10͑a͒ and 10͑b͒ , respectively, for argon and xenon ion impacts. It can be seen from Fig. 10 again that the mixing was mainly determined by the species on which deposition occurred, and the effect of the depositing material was negligible. Because penetration into nickel lattice was difficult, mixing was minor at argon ion energies up to 15 eV. For xenon ion impacts which gen- erally caused more mixing than argon ion impacts, mixing was not significant at ion energies below 9 eV.
V. MECHANISMS OF ION IMPACT EFFECTS
Simulations shown above have established that the inert gas ion assistance can significantly change the surface morphology of a growth surface. To achieve a low surface roughness and a low interlayer chemical mixing during GMR multilayer deposition, the assisting ions must be controlled within a narrow ''low'' energy range. Comparison of the results shown in Figs. 1-3 with those shown in Figs. [4] [5] [6] indicates that the threshold ion energy for multilayer surface flattening is a sensitive function of the surface species, and is also dependent upon the subsurface species. For instance, the ion energy required to flatten the copper on copper and the copper on nickel surfaces ͑see Fig. 3͒ is significantly lower than that required to flatten the nickel on nickel and the nickel on copper surfaces ͑e.g., Fig. 6͒ . During deposition of either copper or nickel, the ion energy for multilayer surface flattening is lower if the subsurface material is nickel ͓Figs. 3͑b͒ and 6͑a͔͒ rather than copper ͓Figs. 3͑a͒ and 6͑b͔͒.
Halstead and DePristo 29 calculated the energy contour over the facets of various pyramids on the fcc surfaces, and then examined the trajectories of adatoms deposited on these facets using molecular dynamics simulations. They found that the surface morphology during growth is predominantly determined by the ratio of the diatomic binding energy to the bulk cohesive energy of the depositing species. To explore the ion impact flattening for a wider range of interfaces, simulations were extended to the Ag-Au system based on an EAM potential. 30 Silver and gold have cohesive energies of 2.85 and 3.93 eV, respectively, and are very close in their lattice constants. 30 Consequently, they can provide good insights for the materials' binding on the multilayer structure. To find the key factor determining the flattening, the energetics of various surfaces was also calculated. Copper, nickel, silver, and gold crystals containing 90(224 ) planes in the x direction, 6͑111͒ planes in the y direction, and 52(22 0) planes in the z direction were used for the calculations. Copper, nickel, silver, and gold clusters composed of ten atoms were added on the top of these crystals. The local atomic configurations of the surfaces are shown in Fig. 11 , where 11͑a͒ contains a rough surface cluster, and 11͑b͒ represents a ''flat'' surface cluster. A conjugate gradient energy minimization method 31 was used to relax the atomic configurations and to calculate the energies of these cluster configurations. The energy change ⌬E associated with the transition from a rough surface cluster to a flat surface cluster was then calculated as the energy difference between the two configurations shown in Figs. 11͑a͒ and 11͑b͒ . The calculated results for ⌬E and the fraction of atoms remaining in the nonplanar configurations after about 1500 argon ion impacts at 3 eV are shown in Fig. 12 for various surfaces. Figure 12 indicates that for most surfaces, flattening reduces the energy. This is because extra bonds are formed during the rough to flat cluster transition. On the other hand, the flattening of rough nickel islands on the copper surface increases the energy. It is seen that during this transition, some of the nickel-nickel bonds were broken up to form the copper-nickel bonds. Calculation indicated that since nickel has a higher cohesive energy than copper, the energy of the nickel-nickel bond is lower ͑larger negative value͒ than that of the nickel-copper bond, which in turn is lower than that of the copper-copper bond. As the energy reduction due to the extra bond formation cannot compensate the energy increase due to the change of the bond types, the flattening of the nickel on copper surface is associated with an energy increase. Generally, the flattening during which higher energy bonds are replaced by lower energy bonds is associated with a larger energy decrease. As a result, lower cohesive energy atoms on a higher cohesive energy surface, such as the Cu on Ni and the Ag on Au, are seen to have the largest energy decreases during the flattening. Examination of Fig. 12 shows that the energy change during the rough to flat island transition corresponds well with the ion impact induced flattening: as ⌬E decreases, the surface becomes smoother after ion impacts. The only exception is the Ni on Ni surface which has a large negative value of ⌬E, but has an abnormally high surface roughness after ion impacts.
The ⌬E values shown in Fig. 12 are the driving forces for surface transition. During flattening, atoms must also overcome the energy barriers for a reconstruction. To quantify the energy barriers, the atom ''A'' shown in Fig. 11͑a͒ was slowly stepped toward a base site as indicated by the arrow, and the conjugate gradient energy minimization method was used to relax the crystal, with the stepping atom constrained on the plane normal to the stepping direction. The energy barriers Q were obtained from the crystal energy versus stepping distance curves, and are listed in Table I for various surfaces. It can be seen that a high cohesive energy for the atoms in the clusters usually gives rise to a high energy barrier for the cluster flattening. Nickel has the highest cohesive energy, and the high energy barrier for the flattening of a nickel cluster results in the abnormally high roughness of the Ni on Ni surface after ion impacts.
Because flat copper configuration is energetically stable and copper has a low cohesive energy, only low ion energy is necessary to activate the nonplanar to planar transition of the copper islands. As nickel has a high cohesive energy, much higher ion energy must be applied to flatten the nickel islands. The driving force for island flattening is generally higher if the islands are on a nickel crystal than on a copper crystal. As a result, the ion energy for the surface flattening is reduced when the islands are on a nickel crystal. The highest ion energy is required to flatten the nickel islands on the copper crystal as this surface transition is associated with an increase in energy. Figures 8 and 10 have shown that the mixing is predominantly determined by the underlying material on which another material is deposited. At a given ion energy, higher mixing occurs on the nickel on copper surface than on the copper on nickel surface. Previous work 21, 22 indicated that impact induced exchange resulted in the interlayer mixing during low temperature multilayer deposition. During ion impact, an exchange could occur when an ion penetrated an underlying lattice and caused the ejection of an underlying atom on to the surface. As a result, ion induced mixing is sensitive to the species of the underlying atoms, but is less dependent on the surface atoms. Because the binding between copper atoms is much weaker than that between nickel atoms, penetration into a copper lattice is more likely to occur, and mixing is much more significant when the underlying material is copper rather than nickel.
It can be seen from Figs. 3, 6, 8, and 10 that xenon ions generally produced more flattening and mixing than argon ions. To understand this, the average energy transferred to the surface by each ion during the 1500 bombardments was calculated as a function of ion energy for both argon and xenon ion impacts. The results are shown in Figs. 13͑a͒ and 13͑b͒, respectively, for the copper on copper and the nickel on nickel surfaces. Xenon ions are seen to transfer more energy than argon ions on both surfaces. This is a mass effect as the mass of xenon is about 3.3 times of the mass of argon. Xenon impacts hence induced more atomic reconstruction on the surfaces and consequently produced more flattening and mixing.
VI. DISCUSSIONS
One significant finding from molecular dynamics simulation of ion assisted deposition of multilayers is that only a very low ion assisting energy ͑several eV to about 10 eV͒ can be used to improve the flatness of a growth surface without causing mixing between surface and underlying atoms. Room temperature saturation MR ratio as a function of substrate bias voltage has been experimentally measured for the ͓Co(Å)/Cu(10 Å)͔ 47 GMR multilayers deposited using magnetron sputtering deposition method. 32 The results of this measurement are reproduced in Fig. 14. Figure 14 indicates that a substrate bias voltage of only 20 eV significantly reduced the MR ratio of the material. Because the inert ions in the plasma acquired an energy in excess of 20 eV as they were accelerated to the substrate under this bias voltage, they are predicted to cause significant interlayer mixing by the simulations. Hence, the experimental finding that the MR ratio dropped significantly at a substrate bias voltage of 20 eV is consistent with the simulated results.
From analysis of simulations, it is clear that the most difficult scenario for Ni/Cu/Ni multilayers synthesis is to de- posit nickel on copper. In order to use high energy ion assistance to flatten the nickel islands without causing the ejection of the underlying copper atoms, one approach is to deposit a magnetic buffer layer before depositing nickel onto the copper. Experimentally it has been found that a layer of cobalt between permalloy and copper often results in a significant increase of GMR ratio. 33 Cobalt is a good buffer layer because it is thermodynamically immiscible with copper.
Earlier work 21, 22 indicated that the interfacial roughness and interlayer mixing can be both reduced by using a modulated ion assistance in which the first half of a new material layer is deposited without ion assistance and the remainder of that material is deposited with ion assistance. The results obtained here provide a more detailed guidance for implementing such a modulated ion assistance scheme. While depositing copper onto a nickel surface, for instance, the maintenance of a very low ion energy and the modulation of ion assistance are not necessary because the probability of the underlying nickel atoms mixing with the subsequently deposited copper is low for a wide range of ion energies. For depositing the nickel onto a copper surface, the ion energy must be kept at very low values. Often it is necessary to use modulated ion assistance to prevent the underlying copper atoms from being mixed with the subsequently deposited nickel.
VII. CONCLUSIONS
Molecular dynamics simulations have been used to quantify the low energy inert ion impact effects upon atomic structures of the possible surfaces formed during the growth of Ni/Cu/Ni multilayers. Calculations indicated that:
͑1͒ Ion assistance with ion energies lower than 10 eV can reduce surface roughness during multilayer deposition. The flattening of weakly bonded ͑copper͒ surface islands occurs at lower ion energies than the flattening of strongly bonded ͑nickel͒ islands. Surface islands can be flattened at lower ion energies when the underlying material is strongly bonded ͑such as nickel͒ rather than weakly bonded ͑such as copper͒. ͑2͒ Ion impacts with energies above 3 eV can cause interlayer mixing during multilayer deposition. The threshold ion energy for mixing is much lower when the underlying material is weakly bonded ͑e.g., copper͒ rather than strongly bonded ͑e.g., nickel͒. ͑3͒ At a given ion energy, the heavier ͑xenon͒ ions transfer more energy to the growth surface than the lighter ͑ar-gon͒ ions. As a result, xenon ion impacts produced more flattening and mixing. ͑4͒ A buffer layer can prevent the pre-deposited weakly bonded ͑copper͒ atoms from being mixed into the subsequently deposited layer, and hence improve the multilayer structure. 
